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Abstract 


Design  details  are  presented  for  an  instrument  for  the  measure- 
ment  of  the  dielectric  constant  and  loss  tangent  of  small  crystals 
at  millimeter  wavelengths.  A  reflection  technique  is  used  to  de¬ 
termine  changes  in  the  resonant  frequency  and  Q  of  a 
cavity.  The  instrument,  which  is  now  completed,  will  bemused  in 
dielectric  studies  on 06-  and  A -lead  azide  crystals  in  the  region 
from  40  to  50  KMca  and  upwards. 

A  Stark-modulated  microwave  spectrograph  is  described,  along 
with  a  phase-stabilized  klystron  source  which  is  to  be  added  to  the 
system.  The  basic  Instrument  is  currently  being  tested. 

The  Appendix  contains  a  discussion  of  the  infrared  spectrum  of 
Sr  lid  methyl  azide,  which  has  been  observed  over  the  range  400  to 
40^  cm“  .  Some  changes  in  vibrational  assignments  for  the  molecule 
are  suggested.  No  evidence  of  hydrogen  bonding  has  been  found  in  the 
solid. 
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I.  DIBUATRIC  MEASUREMENTS 
AT  MILLIMETER  WAVELENGTHS 

]ii  an  Isotropic  matarial  in  which  the  electromagnetic  field 
equations  are  linear «  .  '  "  the 

dielectric  properties  are  specified  by  the  complex  dielectric  constant 

C  =£:•  -  Je"  =e’  tl-tancT]  .  [1] 

The  dimensionless  quantity  tancT  ,  called  the  loss  tangent^  is  equal 
to  the  power  dissipated  divided  by  the  power  stored  per  cycle  and  is 
thus  a  measure  of  the  energy  lost  in  the  form  of  heat  when  an  electro¬ 
magnetic  wave  is  propagated  through  the  material* 

Principle  of  the  Method 

The  usual  methods  of  measuring  ^  *  and  ^  *  at  microwave 
frequencies  involve  either  loading  a  waveguide  with  a  slab  of  the 
dielectric  material^  or  mounting  a  thin  rod  of  the  material  in  a 
resonant  cavity  parallel  to  the  electric  field*  the  length  of  the  rod 

p 

being  equal  to  the  height  of  the  cavity.  ?iither  of  these  methods 
involves  obtaining  an  accurate  fit  of  the  sample  in  the  microwave 
circuit.  This  requirement  places  serious  limitations  on  the  shape 
and  size  of  samples.  FTirthermore,  with  hard,  brittle  materials 
attaining  an  exact  fit  is  a  difficult  problem  because  the  edges  of 
the  sample  tend  to  chip  and  crack.  Another  disadvantage  is  that  the 
waveguide  or  cavity  must  be  disassembled  for  correct  positioning 
of  the  sample.  Hence  it  becomes  difficult  to  reproduce  the  electrical 
characteristics  of  the  cavity  or  waveguide  in  the  empty  state. 

In  the  present  work  the  technique  developed  by  Labuds  and 
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LaCravP  has  been  adopted.  This  method  employs  a  oylln- 

drical  cavity  with  the  sample  in  the  form  of  a  thin  rod  suspended 
away  from  all  walla,  hi  the  mode  the  electric  field  exhibits 

a  maximum  in  the  center  of  the  cavity  and  minima  at  approximately  1/4 
and  3/4  the  cavity  height.  Thus  by  using  samples  in  the  form  of  rods 
or  needles  which  have  been  trimmed  to  about  one-half  the  cavity  height 
and  positioning  them  so  that  their  ends  fall  at  the  nodes,  the  measure¬ 
ment  becomes  quite  insensitive  to  the  exact  shape  and  size  of  the 
sample. 

As  in  the  usual  cavity  method,  a  perturbation  calculation  is 
usod  to  relate  the  shift  in  resonant  frequency  and  the  change  in  loaded 
Q  of  the  cavity  to  the  complex  dielectric  constant  of  the  sample 
causing  the  change.  The  basic  assumption  of  perturbation  theory 
for  this  application  is  that  changes  in  the  configuration  of  the  rf 
fields  must  be  small  upon  introduction  of  the  sample. 

The  perturbation  equation  for  the  case  of  a  thin  rod  in  a 
TMoig-raod  cavity  as  described  above  has  been  derived  by  Labuda  and 
LeCraw^  in  the  form 


The  constant  G  is  a  dimensionless  geometrical  factor  and  is  given  by 

G  =  0.C680//^^  Cjj  ,  [3] 

whore  D  Is  the  diameter  of  the  cavity.  Separation  of  the  real  and 
imaginary  parts  of  Eq.  [2]  yields  the  relations 
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and 


(i/2)|~L 

V 


x\ 


c" 


G  — 


[53 


where  la  the  loaded  Q  of  the  empty  cavity  and  la  the  loaded  Q 
of  the  cavity  containing  the  aample.  The  volumes  of  the  cavity  and  the 
sample  are  represented  by  and  V  j  respectively. 

The  method  outlined  above  provides  a  convenient  technique 
for  determining  (ri  '  and^"  In  terms  of  the  cavity  dimensions  and  the 
sample  volume,  provided  that  direct  and  accurate  measurements  of  the 
frequency  shifts  and  the  appropriate  loaded  Q’a  can  be  made. 

Cavity  Design 

The  resonant  frequencies  of  a  right-circular,  cylindrical 
cavity  are  divided  into  TE-  [transverse  electric]  and  TM-  [transverse 
magnetic]  classes,  where  the  axis  of  reference  is  along  the  cylinder 
axis .  They  are  fwther  specified  in  terras  of  three  integers  m  and  n 
which  are  defined  by 

Ji,  =  number  of  full-period  variations  of  with  respect  to  ^  , 
m  =  niunber  of  half-period  variations  of  E  with  respect  to  r,  and 

C 

n  £  nvimber  of  half -period  variations  of  with  respect  to  z, 

for  the  TE  modes.  For  TM  modes  the  integers  are  correspondingly  defined 
in  terms  of  the  components  of  the  magnetic  field. 

The  resonant  frequencies  arc  given  by^ 


[fD]2  =  tex  ]'  +  [cn/2]-^[DA]''  , 


ilm' 


[6] 


where  L  is  the  height  of  the  cavity  and,  for  TM  modes,  x-  =  root 

j£  m  " 

of  the  Bossel  function  [x]  =  0. 

The  first  cavity  was  designed  for  a  resonant  frequency  of  40  KMcs. 
This  frequency  represents  the  lower  end  of  the  range  of  interest  and  hence 
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Involves  the  largest  samples  needed.  Furthermore,  klystrons  and  waveguide 

components  were  already  on  hand  for  work  at  this  frequency. 

...  ■■  ■ 

The  Q  of  the  cavity  is  quite  insensitive  to  the  ratio  D/L»  hence 
the  value vD  *=  rather*  With  xj.,-  v  2.45 

one  finds  from  Eq.  [6J  that  L  =  0.448".  The  -avlty  was  iris-ooupled 
to  the  waveguide  thro  igh  a  ().ii73''-diameter  hole.  The  complete 
design  is  shown  in  Fig.  1. 

Samples  are  cemented  to  nylon  threads  at  each  and.  The  lower 
thread  passes  out  through  a  small  hole  in  the  bottom  of  the  cavity  and 
is  tied  to  a  five  gram  weight.  The  upper  thread  passes  through  a  hole 
in  the  top  of  the  cavity  and  is  coimected  to  a  jn.j  cromoter  head  which 
is  mounted  directly  above  it.  Thus  samples  up  to  0,038"  in  diameter 
can  be  Introduced  into  the  cavity  without  disassembling  it.  The  samples 
can  be  accurately  positioned  along  the  vertical  by  adjusting  the 
micrometer  head. 

In  the  work  being  carried  out  under  the  present  Contract,  measure¬ 
ments  are  to  be  made  at  least  every  kilomegacycle  over  the  range  40 
to  120  KMcs.  It  was  therfore  essential  to  ddvelop  a  convenient, 
easily  tunable  cavity  of  sufficiently  high  Q  to  facilitate  the  dielec¬ 
tric  measurements.  The  cavity  shown  in  Fig,  2,  has  been  constructed 
for  this  application.  Several  features  of  its  design  are  worthy  of 
comment. 

Tuning  is  accomplished  by  means  of  a  3  X  /4-choke  plunger  driven 
by  a  micrometer.  The  plunger  slides  on  a  teflon  bearing  to  maintain 
centering  and  perpendicularity.  A  long  hole  through  the  micrometer 
shaft,  which  terminates  in  a  0.013”-diametar  hole  in  the  center  of  the 


Waveguide 

D<073”d 


Fig,  2.  Resanant  Cavity  (45  KMos. ) 


-5- 


pltmger,  allows  a  nylon  thread  to  pass  through  the  bottom  of  the  cell. 
The  thread  is  cemented  to  the  crystal  and  tied  to  a  small  weight  to 
insure  proper  allignment  of  the  sample.  The  crystal  is  supported  by 
another  thread »  v.thioh  is  r.cnaected  to  the  mi.crometer  head  mounted  abooe 
the  o^ivity  as  deu  -^  ano-ra. 

The  electrical'  coji  rn  ci'  the  tuning  is  opoirnsn  at  a 

frequency  of  /.Q  ;r.-i  provides  a  useful  tuning  J/fUigy  of  4O  to  50 

KMcs.  The  cavity  dia.netc.r  was  chosen  so  that  the  travel  of  the  plunger 
could  be  kept  {.>mr,ll  fcv  the  10  XMcs.  range ,  v/hij.o  not  introducing  too 
large  a  setting  erior  in  the  resonant  fi’equency.  Tho  iris  coupling 
hole  is  centered  vertleaiJ.y  at  a  frequency  of  45  flMos.  No  effort  was 
made  to  adjust  the  iris  diameter  to  achieve  critinol  coupling,  as  one 
can  critically  couple  the  cavity  at  any  designed  frequency  by  simple 
adjastments  of  the  E-H  timer  in  the  external  circuit. 

Measurement  of  0^ 

Xj 

A  sweep-frequency  method  of  measuring  the  Q  of  single-ended 
resonators  by  observing  the  variation  of  reflected  power  with  fre¬ 
quency  has  been  described  by  E.  D.  Reed.^  In  the  present  work  Reed's 
method  has  been  adapted  to  the  experimental  determination  of  fre¬ 
quency  shifts  and  changes  in  loaded  Q  upon  introduction  of  a  dielectric 
sample.  The  waveguide  circuit  used  in  these  experiments  is  shown  in 
Pig.  3. 

Power  from  the  klystron  source  [Polarad  type  S3742-1  EHF  Source 


powered  by  a  type  HU-l]  is  split  by  the  magic  tee,  half  of  it  passing 
through  a  calibrated  attenuator  to  a  tunable  crystal  detector  which 
monitors  the  output  of  the  klystron.  Power  from  the  other  E-plane 


Prom  EHP 
Source 


uncallb.  Xtal. 

attn*  det> 


Fig»  3.  Waveguide  Circuit 


branch  of  the  magic  tee  passes  through  an  uncalibrated  attenuator 
and  la  critically  coupled  to  the  cavity  by  means  of  an  E-H  tuner. 

Power  reflected  from  the  cavity  is  detected  by  a  tunable  crystal 
detector  connected  to  the  H-plane  branch  of  the  magic  tee. 

The  waveguide  shutter  indicated  in  Fig.  3.  was  not  available 
commercially.  It  was  therefore  developed  especially  for  this  application 
as  shown  in  Fig.  4*  4  phosphor-bronze  sliding  shutter  slides  in  a 

brass  housing.  Effective  electrical  contact  is  provided  by  circular 
chokes  at  either  side  of  the  shutter.  The  dimensions  of  the  chokes 
were  calculated  by  sealing  the  dimensions  of  commercial  choke-flanges. 
Performance  data  on  this  unit  have  not  yet  been  obtained. 

The  power  reflected  from  the  cavity»  as  well  as  that  incident  upon 
it*  are  displayed  on  the  oscilloscope  [Tektronix  type  5l5A]  using 
the  circuit  diagrammed  in  Fig.  5*  Two  of  the  channels  of  the  four- 
channel  amplifier  [Tektronix  type  M  powered  by  a  typo  132]  are  used  to 
amplify  the  detected  incident  and  reflected  power.  The  input  to  a 
third  channel  is  short-circuited  to  provide  a  reference  zero-power 
level.  Modulation  for  the  klystron  is  provided  by  the  sweep  output 
of  the  oscilloscope.  The  gate  output  of  the  oscilloscope  produces 
the  switching  trigger  for  the  four-channel  amplifier. 

Frequency  markers  are  inserted  on  the  display  by  means  of  the 
following  scheme.  A  sample  of  the  klystron  power  is  split  off  at  the 
output  of  the  soiu'ce  unit  using  another  magic  tee  with  a  terminated 
H-plane  branch.  The  sample  power  is  sent  to  a  spectnm  analyzer 
[Polarad  type  TSA  equipped  with  a  type  STU-5  tuning  unit]  which  has 
been  modified  as  follows.  The  saw-tooth  voltage  which  drives  the 
sweeping  local  oscillator  was  disconnected.  The  marker  oscillator 
was  disconnected  and  replaced  by  a  General  Radio  type  1330- A  rf 


i  STU-5  Tuning  Unit 


Fig.  5.  Block  Diagram  of  Control  and  Display 


Circuitry 


oscillator.  The  video  output  of  the  analyzer  was  amplified  by  the 
fourth  channel  of  the  type  M  before  being  connected  to  the  cathode 
of  the  type  515A*s  cathode-ray  tube.  Hence  the  trace  on  the  oscillo¬ 
scope  receives  a  blanking  pulse  each  time  the  input  frequency,  the 
klystron  local  oscillator  frequency  and  224  Mcs.  from  the  local 
oscillator  mix  to  produce  a  signal  at  the  first  IF  amplifier  at  a 
frequency  of  64  Kcs.  In  addition  a  pulse  [and  hence  a  corresponding 
blank  spot  on  the  oscilloscope  screen]  will  appear  at  each  aide  of 
the  central  pulse  and  separated  from  it  by  the  frequency  of  the  General 
Radio  oscillator.  ^  typical  oscilloscopic  display  is  sketched  in 
Fig.  6. 

In  actual  operation  the  system  is  balanced  with  the  shutter  in 
the  short-circuit  position  and  the  calibrated  attenuator  set  at  about 
20  db.  The  uncalibrated  attenuator  is  adjusted  until  the  incident  and 
reflected  traces  match.  The  shutter  is  then  opened  to  connect  the 
cavity  to  the  circuit,  and  the  oalibfated  attenuator  is  advanced  to 
a  new  value,  say  23  db.  The  central  marker  is  then  set  on  the  reflected 
power  minimum  by  adjusting  the  klystron  local  oscillator  frequency 
and  the  General  Radio  oscillator  is  adjusted  until  the  side  markers 
are  coincident  with  the  intersections  of  the  incident-and  reflected-power 
traces. 

If  the  calibrated  attenuator  was  advanced  by  expaotly  3  db.,  then 
the  loaded  Q  is  given  by 

=  fo/Af  ,  [7] 

where  Zif  is  twice  the  reading  on  the  General  Radio  oscillator  and  fp 
can  be  measured  directly  by  inserting  the  wave-meter  marker  on  the 
EHP  source  unit. 


«  *> 


Fig.  6.  Oacillosoopa  Uirplay. 

The  incident  power  has  bean  attenuated. 
Note  frequency  markers  [trace  blanked] 
below  asterisks. 


The  same  procedure  carried  out  with  the  sample  in  place  yields  a 
value  for  Qj^.  The  frequency  shift  caused  by  introduction  of  the 
sample  can  be  measured  directly  by  leaving  the  central  marker;  oij  the 
reflected-power  minimum  when  the  cavity  is  empty*  inserting  the  sample* 
and  tuning  the  General  Radio  oscillator  until  one  of  the  side  markers 
coincides  with  the  reflected-power  minimum  from  the  cavity  containing 
the  sample.  The  reading  on  the  oscillator  is  then  equal  to  f-fo* 

This  procedure  provides  a  direct  and  accurate  measurement  of  f-fo 
which  cannot  possibly  be  obtained  as  the  difference  between  two 
wave -meter  readings. 

Initial  tests  of  the  above  scheme  have  been  made  using  thin  rods 
of  polystyrene.  A  resonance  in  the  first  cavity  which  was  found  at 
39»830  Mos.  was  proven  to  be  the  TMo2^2  observing  the  resonant 

frequency  as  a  function  of  insertion  of  a  short  polystyrene  rod  as 
measured  on  the  micrometer  head.  A  frequency  minimum  [maximum  shift] 
was  observed  when  the  rod  was  centered  along  the  axis  of  the  cavity, 
while  frequency  maxima  [nearly  as  high  as  the  resonant  frequency  of 
the  empty  cavity]  were  observed  when  the  rod  was  centered  on  L/4  and 
3L/4. 

As  deslf^ied,  the  cavity  was  found  to  be  somewhat  undercoupled 
[Qo^  (3g  »  where  Qq  is  the  internal  Q  of  the  cavity  and  Qg  is  the  Q 
of  the  external  circuit].  This  situation  is  easily  corrected  by 
adjustment  of  the  E-H  tuner  [see  Fig.  3*]  to  bring  the  reflected- 
power  trace  at  the  resonant  frequency  down  to  the  zero-power  level, 
as  shown  in  Fig.  6.  Under  this  condition  [critical  coupling] 

Qo  =  Q^,  hence 

11  12 
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and  Qo  =  2  . 

A  rough  measurament  of  the  internal  ^  of  the  first  cavity  yielded 
a  value  in  the  neighborhood  of  1000.  The  theoretical  internal  Q  of 
a  cavity  of  this  geometry  is  nearly  3500.  Hence i  it  would  seem  that 
the  cavity  walls  are  not  as  wellnnachined  as  they  should  be.  He- 
machining*  as  well  as  silver  platingi  might  be  resorted  to  in  an  effort 
to  bring  up  the  value  of  Qq.  In  the  method  outlined  above  it  is 
distinctly  advantageous  to  employ  a  cavity  whose  Qq  is  high  enough 
so  that  the  entire  resonance  curve  is  somewhat  narrower  than  the 
source  klystron's  mode  pattern.  this  case  the  Q  measurement  can 
be  made  without  the  necessity  of  retuning  the  klystron. 

Beterminatlon  of  Sample  Volume 

Equations  [4]  and  [5]  Indicate  that  the  determination  of  either 
component  of  the  complex  dielectric  constant  depends  upon  a  knowledge 
of  the  volume  of  the  sample  used.  For  the  small  crystalline  samples 
of  alpha  lead  azide  which  are  now  being  tried ^  the  volume  determination 
is  quite  difficult.  This  problem  would  be  eliminated  if  reliable 
density  data  were  available  on  this  material.  As  no  such  data  have 
been  found  in  the  literature*  it  will  be  necessary  in  the  present 
work  to  assume  that  the  theoretical  densities  calculated  from  the 
crystallographic  data^  are  valid.  *’or  the  alpha  and  beta  forms  of 
lead  azide*  values  of  4»76  and  4.91  g/cm^*  respectively*  were  obtained. 
These  data  will  be  combined  with  ralcro-wolghings  of  the  samples  to 
yield  the  necessary  volumes,  ft  Calras microelectrobalance  has  been 
purchased  to  facilitate  the  weighings. 

pT/il^rj^  on^^e  dielectric  measurements  has  been  Interrupted  for  several 
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months  due  to  electronic  failures.  A  severe  frequency  jitter  developed 
on  the  marker  [blanking]  signal.  Such  instability  could  arise  from 
variations  in  either  the  source  klystron  [or  its  power  supplies]  or 
in  the  spectrum  analyzer.  The  latter  unit  was  found  to  perform 
somewhat  below  specifications*  although  it  vjas  not  primarily  responsible 
for  the  observed  frequency  jitter.  Attention  was  therefore  focussed 
on  the  EHF  source.  The  QK293  klystron  was  replaced  and  all  power 
supplies  were  checked  for  ripple.  However,  the  so^ roe  of  the  jitter 
was  not  determined.  The  units  were  then  turned  over  to  the  instrument 
shop  at  ERDL.  After  several  weeks  the  trouble  was  not  located  and, 
furthermore,  the  3K293  was  no  longer  operative.  Both  units  have  now 
been  returned  to  the  Polarad  Corporation  in  New  York  for  overhaul* 

In  the  meantime  a  new  General  Radio  Oscillator  [Model  wos  purchased 

to  replace  the  Model  1330-A,  thus  providing  higher  accuracy  in  the 
frequency-shift  measurements* 
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II,  MICROWAVE  SPECTROGRAPH 

The  design  details  of  a  Stark-^nodulated*  frequency-stabilized 
microwave  spectrograph  have  now  been  completed.  The  instrument, 
with  the  appropriate  sources,  will,  in  principle,  be  capable  of 
investigating  spectra  throu^out  the  microwave  region.  [Currently, 
supplies  are  on  hand  only  for  the  nsglon  from  20  Gcs/sec  to  37.5 
@c/sec.]  By  using  a  phase-stabilized  kystron  source,  It  will  be 
possible  to  employ  sweep  rates  as  low  as  a  few  hundred  kilocycles  per 
ho\ir.  The  use  of  such  slow  sweeps  results  in  very  high-resolution 
spSctro  and  greater  accuracy  in  measuring  line  frequencies.  Furthermore# 
a  high  resolution  instrument  yields  more  information  concerning 
quadrupole  interactions,  line  shapes,  and  other  details  of  molecular 
spectra  in  the  microwave  region. 

GENERAL  DESCRIPTION 

The  general  block  diagram  of  the  instrument  appears  in  Fig.  1. 

A  diagram  and  a  detailed  explanation  of  the  individual  blocks  appears 
later.  Block  1  constitutes  a  frequency  multiplier  whose  output  is 
derived  from  WW,  the  radio  station  of  the  National  Bureau  of  Standards, 
This  frequency  is  used  to  phase-lock  a  reference  klystron  operating 
at  approximately  3000  Mc/sec,  [Block  2].  Stabilization  is  achieved 
by  mixing  the  klystron  output  with  harmonics  of  the  standard  frequency 
and  phase  detecting  the  resulting  beat  frequency.  The  DC  output  of 
the  phase  detector  is  then  connected  in  series  with  the  klystron  reflector 
supply  to  correct  for  any  frequency  deviation.  Thus,  the  ouput  is  a 
r  clean  frequency  standard  at  3000  Mc/sec,  with  the  stability  of  WWV 
[or  governing  crystal]. 
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The  search  klystron  [Block  3]  Is  now  phase-locked  with  the  reference 
klystron  and  the  output  of  a  variable-frequency  oscillator  [VFO]. 

Looking  Is  achieved  by  mixing  the  search  frequency  with  the  harmonics 
of  the  3000  Me/sec  standard  and  then  mixing  the  resxilting  beat  [vrtiich 
Is  somewhere  between  zero  and  3000  Mc/seo]  with  harmonics  of  the  VFO. 

The  new  beat  frequency  is  phase-detected  and  used  to  control  the  search 
klystron  frequency  in  the  same  manner  as  above.  The  result  of  this 
scheme  is  a  Variable  microwave  frequency  with  a  sufficiently  narrow 
instantaneous  frequency  spectrum  so  that  it  can  be  swept  extremely 
slowly  through  any  convenient  region.  The  frequency  stability  of  the 
system  is  determined  both  by  the  3000  Mo/sec  standard  and  the  VFO* 
although  the  stability  of  the  latter  is  less  important,  as  will  be 
shown  later. 

The  output  of  the  search  klystron  passes  through  the  Stark  cell 
[Block  4]»  where  the  sample  is  located.  The  optional  Stark  modulation 
is  accomplished  by  means  of  a  100  ko/sec  square  wave  applied  to  the 
septTim  in  the  cell  described  below.  The  signal  leaving  the  cell  is  ampli¬ 
fied,  detected  and  recorded.  The  possibility  of  a  heterodyne  detection 
system  is  included  in  the  design. 

DETAILED  DESCHIPTION 

Figure  2.  shows  the  details  of  the  frequency  standard.  Block  1. 

The  basis  for  the  standard  is  either  the  15  Mes  carrier  from  WWV  or  a 
crystal-controlled  1  Mc/seo  signal  which  is  the  time  base  for  a  Hewlett- 
Packard  typo  5243L  frequency  counter.  [The  latter  signal  is  mtdtipllad 
to  5  Mo/sec  and  then  to  15  Mo/sec.]  The  chain  is  split,  and  on  one  side 
the  signal  is  multiplied  to  405  Mo/sec  for  use  in  the  3000  Mo. sec  standard. 
On  the  other  side  the  signal  is  multiplied  to  30  Mo/sec,  a  frequency  with 
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many  uses  in  thle  system* 

The  3000  Mo/sao  standard  is  diagrammed  in  Fig.  3*  The  klystron 
output  is  divided  four  ways  by  a  coaxial  power  divider.  Two  of  the  four 
outputs  are  used  alsowhere  in  the  system  and  the  third  goes  to  a  wavemeter 
for  frequency  measurement.  The  fourth  output  is  mixed  with  harmonics  of 
the  405  Mc/sec  signa]..  The  resultant  beat  is  amplified  in  a  tuned  60 
Mo/sec  amplifier,  and  phase-detected.  The  DC  output  of  the  detector  is 
tised  as  an  error  signal  to  correct  the  klystron  reflector  voltage.  That 
this  system  will  indeed  lock  in  on  a  certain  frequency  can  be  seen  by  a 
consideration  of  the  action  of  a  phase  detector. 

Figure  4.  contains  the  diagram  of  a  sample  diode  phase  detector* 

The  signal  voltage  is  applied  to  the  two  diodes  in  push-pull,  but  the 

reference  voltage  E-  is  applied  in  phase.  In  practice,  E  .  If  the 

r  r  8 

signal  voltage  is  zero,  the  reference  develops  the  same  voltage  at  points 
P  and  R  [with  respect  to  point  Q]  making  the  output  V  equal  to  zero. 

The  presence  of  a  signal  voltage  will  add  to  one  point  and  subtract  from 
the  other  [of  points  P  and  R]  depending  on  the  phase  relationship  at 
ths'tlme.  Since  Ej.)^  E^,  the  only  time  an  output  signal  is  produced  is 
when  point  B  is  positive  with  respect  to  point  Q.  The  integrating 
network  serves  to  average  the  voltages  over  this  entire  period.  With  two 
signals  of  exactly  the  same  frequency,  the  output  V  will  depend  on  the 
difference  in  phase  between  them.  It  will  be  zero  when  the  phase  dif¬ 
ference  is  such  that  during  the  time  that  B  is  positive,  the  voltages  at 
A  and  C  are  [averaged  over  the  half-cycle]  identical.  This  relationship 
will  occur  only  when  the  phase  difference  between  the  two  signals  is  90 
degrees.  Any  other  phase  difference  will  upset  the  balance  and  result 
in  a  positive  or  negative  value  of  V. 

Suppose  that  the  two  signals  are  of  slightly  different  frequency. 
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Then  they  can  be  represented  by  the  functions  cosut  and 
Eg  cosCCO  t  +  At  +  p!]»  respectively.  Thus  the  signal  input  can  be 
interpreted  as  a  signal  of  the  same  frequency  as  the  reference,  but  with 
a  varying  phase  angle.  If  A  1,  the  variation  will  be  slow,  and 

the  effective  phase  shift  wllllresult  in  a  non-zero  value  of  V.  If  the 
system  is  connected  so  that  a  positive  value  of  A  produces  a  positive  V, 
this  addition  to  tho  negative  reflector  supply  will  tend  to  lower  the 
frequency.  Thus,  if  A  is  made  small  enough,  the  system  will  phase-lock 
with  the  referenco  n+andard. 

The  klystron  can  actually  lock  in  on  any  frequency  fj_  which  will 
produce  a  60  Mo/sec  beat  with  a  harmonic  of  45  Mc/sec.  Hence, 

j  fjj  -  45n/  =60  or  f^^  =  45  n  +  60.  [l] 

The  solutions  to  Kq.  [l]  in  the  vicinity  of  3000  Mc/sec  are  2940,  2955» 
2985,  3000,  3030,  and  3045.  In  addition,  frequencies  of  2970  and  3015 
Mc/sec  \/n.l  be  produced  as  the  66th.  and  67th.  harmonics  of  45  Mc/sec*. 

As  the  vfa 'remoter  in  this  region  has  grad\iatlons  of  1  Mc/sec,  there  can  be 
no  oonfv\sion  about  which  one  of  these  frequencies  is  being  utilized. 

Look-in  at  the  proper  frequency  is  then  a  simple  matter.  Eirst,  tho 
phase  detector  is  bypassed  [see  the  switch  in  Fig.  3*].  The  klystron  is 
then  tuned  to  3000  Mc/sec  on  the  wave  meter.  A  meter  on  the  phase  detector 
will  indicate  whether  or  not  tho  frequency  is  within  the  proper  region. 

If  it  la  not,  small  adjustments  of  the  reflector  voltage  should  bring  it 
into  range  and  the  by-pass  switch  can  be  turned  off. 

It  should  be  pointed  out  that  using  the  above  stabilization  scheme, 
the  absolute  uncertainty  in  the  standard  frequency  is  approximately  3000 
times  that  in  the  1  Mc/sec  oscillator,  or  200  times  that  of  WWV. 

Figure  5.  is  a  block  klagram  of  the  search  frequency  stabilizer. 

The  klystron  output  is  attenuated  and  portions  are  coupled  off  to  a 
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wavemeter  for  frequency  measurement  and  to  the  cell.  The  remaining 
signal  enters  crystal  mount  2»»  where  It  Is  mixed  with  harmonics  of  the 
3000  Mc/sec  standard  which  is  introduced  through  the  side  arm  of  dir¬ 
ectional  coupler  3.  The  resulting  heat  frequency*  which  lies  between 
0  and  3000  Mc/sac*  enters  directional  coupler  4*  and  is  mixed  in  crystal 
mount  3»  with  harmonics  of  the  VFO  frequency  [200-500  Mo/sec].  Any 
30  Mc/sec  beat  frequency  which  is  produced  in  crystal  mount  3.  enters  the 
IF  amplifier  and*  after  phase  detection*  is  used  to  correct  the  reflector 
voltage  as  before. 

The  above  scheme  results  in  phase-locking  of  the  search  klystron 
to  a  combination  of  the  3000  Mc/soo  standard  and  the  VFO.  By  adjusting 
the  frequency  of  the  VFO,  f^,  the  klystron  frequency  con  be  changed j 
but  if  the  klystron  is  to  follow  over  any  appreciable  range,  the  cavity 
mvist  be  readjusted.  This  is  the  reason  for  phase  detector  2.  The  input 
signals  are  the  same  as  for  the  relfector  phase  detector,  but  the  time 
constant  is  much  longer,  smoothing  out  the  quick  corrections  that  were 
necessary  there.  The  amplified  output  from  this  unit  drives  a  servo 
motor  which  readjusts  the  cavity  to  keep  the  average  relector  correction 
zoro.  In  this  manner,  sweeps  can  be  mode  as  long  as  the  harmonic  do 
not  interfere. 

Two  questions  arise  concerning  the  search  klystron  frequency, 
namely,  how  is  it  determined  and  what  is  its  uncertainty?  When  the  1 
Mc/sec  crystal  is  used  as  the  frequency  standard  the  xincertainty  of  the 
3000  Mc/sec  signal  is  3000b,  where  s  is  the  uncertainty  in  the  1  Mc/seo 
standard.  The  frequency  of  the  search  klystron,  f  ,  is  given  by 

/f,  -  «  f],  ±  r,/  =30  ««/.=<! 


or 


[2] 
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where  m  and  Xare  positive  integers*  Thus*  if  the  uncertainty  In  the 
VFO  frequency  is  s*»  the  overall  uncertainty  is  ^[3000  Ms]^  +  • 

It  is  easily  seen  that  the  VFO  frequency  can  be  more  than  a  thousand  times 
more  than  the  standard  before  it  has  much  effect  on  the  result* 

The  actual  value  of  fg  is  found  using  Eq*  [2]  and  two  pieces  of 
recorded  information;  the  wavemeter  value  of  and  the  frequency  of  the 
VFO  as  road  by  a  frequency  counter*  In  most  cases  this  will  be  sufficient 
to  determine  the  frequency  unambiguously*  but  in  a  few  oases  it  will  not* 
By  way  of  example*  suppose  that  the  wavemeter  reads  34*545  ±  2  Mc/see 
and  f^  is  356*693  604  Mc/sec  at  the  instant  of  raeasiurement*  First*  the 
following  approximation  is  made* 

34,545  =  3000  m  +  357  >?  +  30.  [3] 

As  the  strength  of  the  harmonic  Is  proportional  to  1/^  *  low 

numbers  are  more  likely  for  the  constants  m  and  *  By  inspection* 
ra  values  of  11  and  12  correspond  to  the  lowest  values  of  ^  *  Table  I 
shows  the  possible  value  of  a  for  some  given  values  of  m  in  Eq*  [3]* 

Any  other  value  of  m  leads  to  'greater  than  20. 


Table  I. 


n 

Eq*  [3] 

+ 

A  - 

10 

357  Jl  a  4545  -  [  ±  30] 

12*65 

12*82 

11 

357  /  =  1545  -  [  +  303 

4.24 

4*a 

12 

357  =-U55  -  [  ±  303 

-4*16 

-3*99 

13 

357  X  =“4455  -  C  +  303 

-12.56 

-12*68 

Table  I  shows  that  there  is  only  one  combination  that  is  consistent 
with  the  data*  iiamely  m*  equal  to  12*  -4*  respectively;  and  the  minus 
sign  is  used  with  the  30  He/sec*  Putting  these  numbers  into  Eq.  [2]  one 
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obtains 


-  3l;,51i3.22lj  8  +  0.002  Mc/sec. 


f  »  12x30.000  000  -  iix356.693  801^  -  30,000  000 

S 

3ilj5i0.22lt  781i  Mc/sec* 

The  Tincertainty  in  the  above  frequency  is  given  by 
J(36  ,000  8  +  (it  s  •  ^  •  The  quantity  s  is  in  this  case  at 

least  as  small  as  0,0^  cycles/sec  (S  parts  in  10°).  The  WO  frequency 

g 

has  the  same  instantaneous  accuracy  as  the  counter,  five  parts  in  10  , 
but.  variations  due  to  short-term  instability  will  increase  the  value 
of  s'.  Taking  s'  =357  (  1  part  in  10^  )  the  overall  uncertainty  becomes 
1936  cycles/sec.  Thus  the  measured  frequency  can  be  written 

The  abote  interpretation  of  the  frequency  data  can  be  verified  by 
considering  the  closest  possible  alternative.  This  is  the  case  for  m, 

X equal  to  12 ,  -iij  and  using  the  plus  sign.  This  frequency  calculates 
to  3U,603.22U  78it  Mo/sec,  which  is  inconsistent  vjith  the  wavemeter  reading. 

The  lock-in  procedure  for  the  search  klystron  is  similar  to  that 
for  the  reference  klystron.  First  the  unstabilized  klystron  is  tuned 
approximately  to  the  desired  frequency.  A  suitable  value  of  f.^  is 
varied  slightly,  if  necessary,  to  bring  the  stabilizer  within  range. 

For  example,  suppose  lines  are  observed  at  about  28,970  Mc/sec.  The 
klystron  is  tuned  to  about  28,900  Mc/sec.  If  m  is  taken  to  be  9,  if, 
is  1980  -  30  Mc/sec,  making  f.^  ■  it87«5  Mv/sec.  Upon  itaking  this  setting » 
lock-in  should  be  automatic,  ^y  sweeping  in  the  direction  of  decreasing 
fy,  the  region  of  interest  will  be  searched. 

The  several  detection  systems  which  are  now  being  developed  will 
be  described  briefly.  Flgue  6,  illustrates  three  methods  by  which 
detection  can  be  accomplished.  The  first  method  (a)  is  the  standard 
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one  for  use  with  Stark  modulation  systems.  The  detected  signal  is  fed 
into  a  tuned  100  kc/sec  amplifier  (the  frequency  of  the  Stark  modul^lon)j 
the  amplified  signal  is  phase-detected  and  reocrddd.  The  second  possibility 
(b)  is  to  take  advantage  of  the  fact  that  by  virtue  of  the  stabilization 
scheme  the  correct  frequencies  are  on  hand  to  produce  a  30  Mc/sec  beat 
frequency.  Lines  then  appear  as  an  an^^litude  modulation  of  the  beat. 

Phase  detection  of  the  signal  and  subsequent  DC  amplification  enable 
lines  to  be  measured  when  no  modulation  is  applied.  The  third  method 
is  heterodyned  down  to  30  Mc/sec  and  then  phase-detected  against  the 
30  Mc/sec  standard.  The  resulting  signal  is  in  turn  phase-detected 
against  the  100  kc/sec  StarS  modulator. 

The  third  detection  method  outlined  above  would  be  expected  to  be 
the  most  sensitive.  However,  in  line-shape  studies  the  use  of  Stark 
modulation  may  be  objectionable,  therefore  the  second  method  would  be 
useful.  On  the  otherhand ,  for  relatively  strong  lines,  the  flexibility 
of  the  fivst  method  offers  many  advantages. 
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Status  of  the  Pro.jeet 

During  the  past  few  months  the  basic  instrument,  omitting  the 
frequency  stabilization  system,  has  been  completed.  The  Stark  modulator 
was  tested  and  was  found  to  perform  well  after  some  itliinr  repairs. 

Arcing  was  produced  at  around  100  volts  when  the  modulator  was  connected 
to  the  Stark  cell.  The  difficulty,  which  was  traced  to  faulty  insulation 
near  the  ends  of  the  septum,  was  rectified.  An  initial  attempt  to  find 
one  of  the  J=1  J®'2  transition  in  OCS  failed  due  to  leaks  in  the  cell 

which  prevented  the  maintainence  of  a  suitable  gas  pressure.  The  cell 
was  subsequently  completely  dismantled  and  cleaned.  All  joints  ware 
resoldered,  the  flanges  were  faced  off  and  the  septum  was  tapered  on  the 
ends.  The  last  modification  should  afford  a  better  match  to  the  rf 
circuitry  and  reduce  the  tendency  to  arc,  A  general  description  of  the 
Stark  cell  was  presented  in  the  Fifth  Quarterly  Report.  The  coll  now 
appears  to  be  sufficiently  tight  so  that  another  atteiq.'t  to  test  the 
instrument  on  a  well-known  spectrum  can  bo  made  immediately. 

During  the  above  difficulties  work  continued  on  the  frequency 
stabilization  system.  The  complete  microwave  portion  of  Fig.  5,  was 
constructed  and  tested.  The  frequency  standard  shown  in  Fig,  2,  was 
completed.  The  multiplier  section  was  developed  by  modifying  a  Micro- 
Now  Model  101  Frequency  Standard, 

A  Micro-How  Model  201  Ji’equency  Stabilizer  was  purchased  to  serve 
as  IF  amplifier  and  detector  for  the  3  Mc/sec  klystron  (Fig,  3,),  The 
cavity  phase  detector  for  the  search  klystron  was  constructed  from  a 
circuit  developed  by  Professor  Gwlnn’s  group  at  Berkeley. 
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Its  principle  of  operation  is  discussed  above  in  connection  with  Fig,  1;, 
The  unit  develops  ample  voltage  to  operate  the  Brown  Amplifier-Servo 
Motor  combination. 

An  improved  version  of  Qwinn's  repellar  phase  detector  has  been 
built  in  breadboard  form.  This  circuit  will  be  used  to  drive  the  search 
klystron. 

A  15  Mc/sec  IF  amplifier  was  obtained  for  reception  of  WWV,  The 
addition  of  crystal  filters  should  provide  sufficiently  sharp  response 
characteristics  so  that  the  side  bands  will  be  eliminated.  The  resulting 
clean  carrien  will  then  serve  as  the  standard  frequency  for  the  system. 
Alternatively,  in  the  event  of  poor  reception,  the  1  Mc/sec  time  base 
from  the  Hewlett-Packard  counter  can  be  used  with  some  loss  in  frequency 
stability . 

At  the  present  time  the  instrument  is  complete  in  the  sense  that 
all  component  units  have  been  obtained  or  built.  However,  a  considerable 
amount  of  work  remains  to  bo  done  in  assembling  the  units  and  testing 
the  completed  instrument. 
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APPENDIX.  INFRARED  SPECTRIjM  OF  SOLID  METHYL  AZIDE 

by 

T.  E.  Wlflrte,  Jr. 


This  appendix  is  based  on  a  thesis  by  Thaddeus  E.  Whyte,  Jr., 
which  was  presented  in  partial  fulfillment  of  the  requirements  for  the 
M.S,  degree  at  Howard  University,  15  May  1962.  Earlier  work  on  the 
infhared  spectrum  of  nrethyl  azide  was  reported  in  the  First  Quarterly 
Report ,  Contract  DA-lti»-009-ENG-l763,  2?  March  to  26  Jxme  1961.  The 
infrared  spectrum  of  methyl  azide  is  now  believed  to  be  sufficiently  well 
understood  so  that  no  further  wcsrk  on  it  is  planned  in  this  laboratcsry. 
However,  whan  the  microwave  spectrograph  us  completed,  this  molecule  will 
be  studied  in  an  effort  to  determine  its  detailed  geometry  and  the  effect 
of  its  internal  rotation. 

A  paper  based  on  the  present  report  was  presented  at  the  Annual 
Symposium  on  Molecular  Structure  and  Spectroscopy,  The  Ohio  State 
University,  Juno  1962  and  is  now  being  prepared  for  publication  in  a 
technical  joiurnal. 


GCT 


-22 


INTRODUCTION 


Until  fairiy  recently  the  vibrational  spectra  of  methyl  azide 
had  received  little  attention,  ■'^n  infrared  spectrum  of  methyl  azide 
was  first  published  by  E^fster  and  Gillette^  in  1939.  The  absorption 
spectrum  of  this  compound  was  studied  between  2  and  20 at  a  pressure 

2 

of  6  cm,  using  a  NaCl  prism  spectrometer,  Pierson,  Fletcher  and  Qantz  , 
included  a  spectrum  of  m<jthyl  azide  in  a  collection  of  spectra  of  gaseous 
molecules .  The  Raman  spectrum  of  liquid'  metlxS’’!  a^ide  was  studied  by 
Blum  and  Verleger^,  Kohlrausch,  et  al^^,  using  the  above  Raman  data, 
interpreted  the  spectrum  in  terms  of  the  electron  diffraction  work  of 
I^uling  and  Brookway^. 

In  1961,  Fateley  and  Miller^  studied  methyl  azide  in  the  far 
infrared  region.  They  assigned  a  band  at  126  cra”^  to  the  torsional 
frequency  of  the  hindered  methyl  group.  In  the  same  year  Milligan'^ 
reported  a  study  of  the  photolysis  of  methyl  azide  in  argon  and  carbon 
dioxide  matrices. 

The  earlier  work  of  EJyster  and  Gillette  was  recently  re-examined 
by  Mantica  and  2orbi^,  Mett^l  azide  was  studied  in  the  gas  phase  and 
in  carbon  tetrachloride  and  carbon  disulfide  solutions,  using  a  Perkin- 
Elmer  Model  21,  equipped  with  sodium  chloride,  calcium  flouride  and 
potassium  bromide  prisms.  For  higher  resolution  a  double  pass  Perkin 
Elmer  Model  112  with  calcium  flouride  and  lithium  flouride  prisms  was 
used,  Mantica  and  Zorbi  found  that  several  strong  bands  in  the  spectrum 
reported  EJyster  and  Gillette  were  due  to  impurities  in  the  sample, 
mainly  methyl  ether, 

A  study  of  the  spectrum  of  gaseous,  deuterated  methyl  azide  has 
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recently  been  completed  by  Miller  and  Bassi-^.  In  general  the  work  on 
the  deuterated  compound  supports  that  of  Mantioa  and  Zerbi,  However , 
Millar  and  Bassis  recommend  several  changes  in  assignments  based  primarily 
on  their  product  rule  calculations. 

Although  the  infrared  spectrum  of  methyl  azide  has  been  studied 
in  the  gas  phase,  in  liqui']  solution  and  in  itiert  natrlces,  no  work  has 
been  published  on  the  spectrum  of  the  pure  solid,,  A  study  of  the  solid 
might  be  expected  to  door  up  the  conflicts  in  the  assignments  by  the 
two  most  recent  authors. 

In  1955 »  Dows  and  Piraentel^*^  reported  the  spectra  of  solid  and 
liquid  hydrazoic  acid.  In  this  work  a  definite  shift  was  noticed  in  the 
C-H  stretching  and  deformation  modes  of  the  molecule  in  passing  from  the 
liquid  to  the  solid.  The  effect  was  attributed  to  increased  hydrogen 
bonding  in  solid  hydrazoic  acid.  A  similar  shift  in  these  regions  should 
be  observed  in  the  spectra  of  methyl  azide  if  appreciable  hydrogen 
bonding  occurs  in  the  solid.  Also,  changes  in  the  relative  intensities 
of  the  bonds  involving  the  in-plane  and  out-of -plane  motions  should 
give  some  insight  into  any  orientation  tendencies  in  the  crystalline 
solid. 

From  the  electron  diffraction  data  of  Pauling  and  Brockway 
the  structure  of  the  methsrl  aside  molecule  is 

(1)  (2)  (3) 

N.- . --N - N 


s 

corresponding  to  the  point  group  C 
are: 

C-H 

L  H-C-ft 

L  C-N-N- 

The  3N  -  6  =» 

1  =10a'  +  3a", 

active  in  both  the 


The  dimensions  fo  the  molecule 

1.21;5).02 
1.105>.O2 
1.06  2 
109®  28« 


120+  3* 

15  normal  vibrations  form  the  representation 
with  all  fundamental  frequencies  expected  to  be 
Raman  and  infrared  spectra. 
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EXPERIMENTAL 

Two  instruments  were  used  to  obtain  the  initial  spectra  of  gaseous 
and  solid  methyl  azide.  The  region  from  5000  cm"^  to  600  cm"^  was 
Investigated  using  a  Perkin  Elmer  Model  21  infrared  spectnometer 
equipped  with  a  sodium  chloride  prism.  The  spectra  in  the  region  between 
iiOOO  cm  ^  to  2000  cm“^  were  obtained,  using  a  modified  Perkin-Elmer 
Model  12  spectrometer ,  which  was  converted  to  coubla  pass  and  equipped 
with  a  lithium  flouride  prism.  The  region  from  700  cm”^  to  1^00  cm“^  was 
investigated  using  the  modified  Modal  12  equipped  with  a  KEr  prism. 

The  source  optical  system  of  the  Model  12  was  rebuilt  to  accomo¬ 
date  a  zirconium-arc  source  and  to  provide  space  for  the  low-temperature 
cell  used  in  obtaining  spectra  of  solid  samples. 

The  zirconium  arc  has  been  constructed  from  a  Sylvania  300  watt 
concentrated  "Western  Union"  arc  [type  300  A.C.].  The  lamp  is  incor¬ 
porated  in  the  optical  system  shown  in  Fig.  1,  which  is  similar  to  that 
doslgnod  by  Wll^iot  and  Brookshler^.  The  light  from  the  arc  is  focused 
at  F  by  the  spherical  mirror  Mj,  Radiation  from  F  is  gathered  by  the 
second  spherical  mirror  M3  and  is  directed  by  plane  mirror  toward 
the  entrance  slit  of  the  monochromator*  Due  to  off-axis  aberration, 
the  image  of  the  source  is  slightly  distorted  at  F.  This  aberration, 
however,  is  partially  cancelled  at  the  entrance  slit.  The  glohar 
source  G,  can  be  introduced  simply  by  inserting  the  plane  mirror  M4. 

The  spectra  of  small  samples  can  be  obtained  much  more  efficiently 
than  is  possible  with  commercial  spectrometers  due  to  the  presence  of 
a  focal  point  at  F.  Because  of  the  small  image  size  of  the  zirconium 
arc  only  a  small  loss  of  energy  is  suffered  when  the  beam  is  masked  at 
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F  to  an  area  of  even  a  few  sqiiare  mlllisieteret 

The  entire  optical  aystem»  Including  the  monochromator »  is 
flushed  with  laboratory  compressed  air.  Before  the  air  is  allowed  to 
pass  into  the  spectrometer,  it  is  conducted  through  two,  three-foot 
columns.  One  cf  these  columns  contains  soda  lime  and  the  other 
activated  alumina  [alooa  F-1,  No.  3-14  mesh  soaked  in  NaOH  solution]. 

The  connections  from  the  two  columns  to  the  optical  apparatus  and 
monochromator  were  made  using  copper  tubing.  An  equalizing  valve 
was  introduced  to  maintain  an  even  flow  in  the  source  optical  system 
and  the  monochromator. 

The  alumnla  column  is  wrapped  with  nichrome  wire  insulated  with 
asbestos  sheets.  The  length  of  the  wire  was  adjusted,  so  that  a  temper¬ 
ature  of  400“  C  could  be  obtained.  Attainment  of  this  temperature 
instires  regeneration  of  the  alumina.  The  alumnia  is  regenerated  by 
opening  the  compressed  air  balbe,  and  by  closing  the  valve  which  leads 
t*  the  soda  lime  column.  This  allows  the  air  to  by-pass  the  soda  lime 
and  enter  the  alumina  column  through  copper  tubing.  Ths  A.C.  current 
is  turned  on  and  the  nichrome  wire  heats  the  alumina  column.  In  this 
way  the  alumina  can  be  renewed  before  each  spectrum  is  observed.  With 
this  equipment  we  were  able  to  eliminate  the  absorption  aue  to  water 
and  carbon  dioxide  almost  completely. 

The  lithium  flourldo  and  potassium  bromide  prisms  used  with 
Model  12  were  calibrated  using  the  gases  listed  in  Table  I. 
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TABLE  I 


Priam 

Region  f  cm 

LIP 

3950-3/,47 

HjO  atmospheric 

LIP 

3200-3100 

LiP 

3100-2650 

HCl" 

LIP 

2650-2300 

HBr» 

LIP 

2220-2000 

CC« 

KBr 

700-4— 

lIjO  atmospheric 

KBr 

700-4— 

CHjOH  vapor 

^Gases  secured  from  Matheson  Co. 


A  standard I  10  cm  gas  cell  was  used  in  obtaining  the  calibration  spectra. 
The  gas  pressure  were  adjusted  to  give  a  convenient  absorption  for 
each  spectrum.  The  spectra  wero  then  analyzed .  using  the  data  from 

12 

Tables  of  Wave  Nijinbers  for  tt^e  Calibration  of  Infra-Red  Spectrometers  * 
In  comparison  with  the  lithium  flouride  prism,  the  postasslum 
bromide  prism  was  rather  difficult  to  calibrate.  We  had  success  using 
atmospheric  water  and  methanol  vapor  as  the  calibrating  gases.  The 
cover  on  the  source  optical  system  was  removed  and  an  atmospheric 
water  vapor  spectrum  was  obtained.  Immediately  afterwards,  a  dish  of 
methanol  was  placed  in  the  source  optical  system  and  the  plexiglass  top 
replaced.  The  air  inside  the  source  optical  system  was  allowed  to 
become  saturated  with  the  methanol  vapors  for  about  one  hour.  After 
this  time,  the  combined  water  and  methanol  vapor  spectrum  was  obtained. 
This  spectrm  was  then  compared  with  that  of  Downie,  Magoon,  Purcell 
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13 

and  Crawford  * 

The  frequencies  obtained  from  the  spectra  in  the  lithium  flouride 
region  were  plotted  against  the  drum  numbers  of  the  spectrometer.  A 
smooth  curve  was  obtained.  The  same  procedure  was  followed  with  the 
potassium  bromide  data.  To  test  the  ootassivn  bromide  calibration» 
we  scanned  the  region  again  vjith  the  pleriglssa  top  of  the  source 
optical  system  removed.  Tho  water  bands  again  coincided  with  the 
previous  spectrum.  In  addition,  the  strong  carbon  dioxide  band  was 
observed  at  667  cm  ^  on  our  calibration  curve.  The  globar  source  was 
used  in  ollbrating  both  prisms. 

The  sample  of  methyl  azide  was  obtnlnod  from  Profa'ssor  Darwent 
of  the  Department  of  Chemistry,  The  Catholic  University  of  America. 

The  sample  was  prepared  according  to  the  procedure  of  Demroth  and 
Wlslloenus^'^. 

This  method  has  been  modified  and  employed  with  success  by  other 

15 

workers,  the  most  recent  procedure  being  that  of  Franklin  .  Sodium 
azide  was  methylated  with  metnyl  su.Lfato.  Freshly  vacuum-distilled 
technical  grade  fro  Distillatiori  Products  was  added  drop-wise 

to  a  baolc  nqueovs  solution  of  sodiu^i  axido  [purified  gads  was 

then  removed  as  a  gas.  After  passing  through  a  calc.b.im  chJ.cride  drying 
tube,  it  was  collected  at  -60"  C.  The  condensate  was  allowed  to  warm 
up  and  dietlll  through  a  r'<;rooux  column.  The  fraction  distilling  at 
20'-21°C  was  collected.  Thin  fraction  was  then  purifier]  farther  by 
trap-to-trap  distillation  in  vacuo.  The  middle  fraotio.a  distilling 
from  a  trap  maintained  at  -8C'’  C  to  one  kept  at  -196°  G  was  finally 
collected  and  stored  in  a  flask. 


The  mass  spectrometer  and  gas  chromatographic  analyais  showed 
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a  typical  sample  to  be  at  least  99 pare.  The  sample  was  stored 
in  a  refrigerator  as  a  liquid  at  a  temperature  of  0°  C. 

A  glass-  sampling  system  was  construstcil  to  obtain  the  spectrum 
of  gaseous  methyl  azide  in  the  LiF  and  KBr  regions,  k  glass  vessel 
fitted  with  stopcock  and  containing  the  sample,  was  attached  to  the 
gas  handling  system  by  way  of  a  ground  glass  joint.  A  closed 
manometer  containing  dibutyl  p!,thalate  [reagent  grade,  boiling  point 
203®-206°  c/20  mm]  was  attached  to  the  same  system.  The  gas  coil, 
which  was  connected  to  the  system  by  a  ball  joint  with  a  two  way 
stopcock,  eomploted  the  gas  sampling  system.  The  system  was  evacuated 
for  one  hour.  After  closing  the  stopcock  to  the  gas  cell,  the  sample 
vessel,  which  was  immersed  in  liquid  nitrogen,  was  attached  to  the 
system. 

The  vapor  pressure  of  methyl  azide  at  liquid  nitrogen  tem¬ 
perature  is  negligible.  Thus,  wo  could  evacuate  the  gas  sampling 
system  after  attaching  the  sample  vessel.  After  evacuatiog  the  second 
time,  the  system  was  closed  to  the  pump.  The  Dewar  flask  containing 
the  liquid  nitrogen  was  removed  and  the  methyl  azide  was  allowed 
to  vaporized  through  the  system  into  the  gas  cell.  When  the  desired 
pressure  was  obtained  with  the  manometer,  the  gas  cell  was  closed. 

The  liquid  nitrogen  was  replaced  to  prevent  the  loss  of  sample. 

The  spectrum  of  gaseous  methyl  azide  was  then  obtained. 

Due  to  the  higher  intensity  of  the  zirconium  arc  in  the  region 
between  3000  and  2000  cm  ^  it  was  used  in  this  region  in  place  of 
the  globar  source.  To  observe  the  weak  overtone  and  combination 
bands  that  appear  in  the  gas  spectrum,  spectra  were  observed  at 
increasingly  high  sample  pressures.  The  pressures  ran  from  approxl- 
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mately  3  nan  to  300  mm  of  Hg. 

In  obtaining  the  spectrum  of  solid  methyl  azide  in  the  regions 
4000  cm  ^  to  2000  cm  ^  and  700  om”^  to  400  cm  a  similar  sampling 
system  was  used4  In  place  of  the  gas  cell,  a  low-temperature  cell 
of  the  Wagner-Hornig^^  type  was  used.  The  manometer  was  detached 
end  raplaced  by  a  simple  ball-joint  glass  pl«g.  The  cold  cell  was 
slightly  modified  to  contain  a  thermocouple  for  monitoring  the  sample 
temperature.  Iron  and  constantan  thermocouple  wires  were  connected 
to  the  brass  block  of  the  cold  cell  which  holds  the  window  upon  which 
the  methyl  azide  is  sublimed.  The  leads  from  the  brass  block  were 
soldered  to  small  copper  wires.  The  copper-thermocouple  joint  was 
then  attached  to  a  metal-to-glass  seal  which  was  connected  to  the 
cold  cell  by  means  of  iron  and  constantan  wires  to  a  Varian  G-11 
recorder.  The  low  temperature  cell  was  tested  to  insure  that  it 
was  vacuum  tight.  The  recorder  was  adjusted  to  indicate  the  temper¬ 
ature  of  ice  water  on  one  side  of  the  scale  and  liquid  nitrogen  on 
the  other.  To  obtain  the  desired  settings  a  12AX7  tube  type  was 
wed  in  the  recorder,  giving  a  span  of  9-20  rav.  By  substituting 
a  12AT7  or  12AU7  in  the  recordsr  input  circuit,  a  span  of  21-50 
mv  or  51-100  mv,  respectively,  could  be  obtained.  After  the  above 
substitution,  the  span  and  gain  controls  were  readjusted  to  give  the 
desired  deflections. 

With  the  low  temperature  cell  in  place,  the  system  was  flushed 
for  fifteen  minutes,  and  then  evacuated.  Liquid  nitrogen  was  added 
to  the  low-temperature  coll  until  the  recorder  indicated  that  the 
brass  block  containing  the  window  had  reached  -180°C.  VIhen  liquid 
nitrogen  temperature  was  obtained,  the  methyl  azide  sample  was  allowed 
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to  distill  over  to  the  window.  As  soon  as  a  light  haze  was  formed 
on  thfc  wir'dow  t.he  5to',)eoc'!<  of  tbs  ro'ijX  eel'J.  was  cloyed  and  the  methyl 
azide  saripls  van  frozen  in  the  glass  etorage  After  waiting 

for  the  wi:i:'o'..i  in  the  brass  block  t,o  t.tv.ain  ap;'J'.'ei:imaiialy  -l^O^G  again* 
the  speetri.tm  vns  reourded. 

Eev’era'i,  spoclra  with  different  sar.ple  thicknesses  were  obtained. 

Overtones  and  W3ak  bands  were  observed  rising  thicker  sample  films. 

“1  -1 

In  the  region  from  4000  cm  to  600  cm  the  gas  cell  and  low-tempera¬ 
ture  cell  contained  aodium  chloride  windows.  The  window  in  the  brass 
block  of  the  iow-temperaturo  cell  also  contained  a  sodium  chloride 
window.  In  the  region  from  700  cm  ^  to  400  cm**^  potassium  bromide 
windows  were  used  throughout. 

It  waa  noted  that  the  efficiency  of  the  flushing  system 
decreased  Iramendousl.y  after  one  hour.  In  fact  after  two  hours* 
due  to  the  saturation  of  the  alumina,  the  column  had  to  be  regenerated. 
Therefore .  as  an  added  precaution  in  the  potassium  bromide  region* 
a  separate  blank  was  ootained  on  every  spoctrim,  after  each  run. 

S<iir.e  later  questions  arose  regarding  the  assi[‘nmentB  In 
the  hydrogen  stretching  region.  In  an  attempt  to  resolve  the  rotational 
band  contours  in  the  go.S"-phase  spectrum,  we  reran  this  spectrum  on 
a  Beckman  Tfl.-7  spectrometer.  This  work  was  made  possible  by  the  kind 
help  of  Dr.  A.  G.  Maki  at  N.B.S. 
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INTERPRETATION  OF  DATA 


In  general,  the  spectrum  of  solid  methyl  azide  supports  both 
8  9 

the  work  of  Mantica  and  Zetbl  and  Miller  and  Bassi  .  However, 
several  changes  in  interpretation  are  indicated.  The  assignments 
for  the  gaseous  and  solid  methyl  azide  are  listed  in  Table  II. 

In  the  spectrum  of  the  gas,  the  hydrogen  stretching  region  is 
dominated  by  several  overlapping  bands.  Because  of  their  complex 
rotational  structure,  the  location  of  the  band  centers  is  very  difficult. 
Mantica  and  Zerbl  assigned  the  hydrogen  stretching  fundamentals 

totiio  three  absorption  maxima  at 

3013  cm”^,  2968  cm"^  and  3023  cm  respectively.  Our  LiF  prism 

spectrum  of  gaseous  methyl  azide  in  this  region  agrees  with  that  of 

Mantica  and  Zerbi,  although  slightly  better  resolution  was  obtained 

in  our  case  due  to  the  higher  intensity  of  the  zirconium  arc. 

In  order  to  locate  the  band  origins  with  certainty  the  spectrum 

of  the  gas  was  later  rerun  on  the  grating  instrument.  Features  were 

-1 

observed  at  2888,  2938,  2966  and  3029  cm  which  could  be  considered 

in  assigning  hydrogen-stretching  fundamentals.  As  there  are  but 

three  such  fundamentals,  one  of  the  above  features  must  arise  from 

an  overtone  or  combination,  or  be  due  to  an  impurity.  However,  none 

of  the  frequencies  could  be  explained  as  overtones  or  combinations. 

7 

Furthermore,  from  photalysis  experments  Mulligan  concluded  that  the 
strong  band  which  he  obaeinfed  at  2888  cm  ^  was  undoubtedly  due  to  an 
impurity.  The  remaining  three  bands  are  assigned  to  the  hydrogen- 
stretching  fundamentals,  the  particular  choice  of  assignment  being 
dictated  by  consideration  of  band  shapes  and  Raman  polarization  data^. 
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If  one  assumes  that  the  2888  cm  feature  in  the  spectrum 
of  the  solid  is  also  due  to  an  impurity,  the  remaining  three  bands 
fall  fairly  close  to  the  hydrogen-stretching  fundamentals  which  were 
assigned  above.  One  would  therefore  conclude  that  there  is  little 
or  no  hydrogen  bonding  in  solid  methyl  azide.  The  question  of 
hydrogen  bonding  in  the  solid  could  be  considered  in  more  detail  if 
the  crystal  structure  were  known.  Probably,  due  to  the  instability 
of  methyl  azide,  no  x-ray  work  appears  to  have  been  published. 

The  region  from  1250  cm**^  to  1500  cm  ^  in  the  spectrum  of  the 
gas  is  especially  difficult  to  interpret  because  of  the  presenoe  of  a 
number  of  overlapping  bands.  The  band  at  1270  cm  ^  is  without  doubt 
the  pseudo-symmetric  stretching  fundamental  The  structure  which 

exhibits  four  absorptions  maxima  in  the  region  1400  to  1500  cm”^  was 
interpreted  by  Hantica  dnd  Zerbi  qs  a  pair  of  parallel-type  bands 
at  1417  and  1452  cm  each  consisting  of  well  separated  P  and  R 


branches.  The  bands  were  assigned  by  those  authors  to  and 
respectively.  The  remaining  strong  band  In  this  region  was  found 
at  1330  cm  [1334  in  our  work]  and  was  assigned  by  Mantloa  and  Zerbi 
to  u.  Miller  and  Basel,  however,  assign  1452  cm  ^  [1447  cm  ^  in 
their  work]  to  both  and 

However,  the  spectrum  of  the  solid  [Fig,  3]  shows  three 

—1 

bands  in  the  region  1400  cm  to  1500  cm  .  It  is  therefore  probable 
that  the  four  maxima  observed  in  this  region  of  the  gas  phase  spectrum 
result  from  the  overlapping  of  three  bands  at  frequencies  of 
approximately  1417,  1437,  and  I46O  cm“^.  We,  therefore,  assign  these 
bands  to  and  '^^2*  These  assignments 

allow  the  strong  band  at  1334  cm”^  to  be  assigned  to  2  in  Fermi 
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TABLE  II 


ASSlGNf'ffiMT  OF 

GASEOUS 

AND  SOLID 

METHYL  AZIDE  [Cm"^] 

Approx.  Deacrip. 

Gas® 

b 

Gas 

Gas“ 

Solid' 

CH3  asyra.  stretch 

3018 

3023 

3029^ 

3035 

CH3  sym.  stretch 

2963 

2935 

2938^ 

2933 

N3  asym.  stretch 

V. 

2186 

2106 

2106® 

2100® 

2208® 

2177® 

2114® 

CH3  asym.  deform. 

1272 

1452 

1437 

lUl 

CH3  sym.  deform. 

910 

1417 

1417 

1410 

N3  "sym"  stretch 

A 

1417 

1272 

1330^ 

1270® 

1312^ 

1275® 

CH3  In-plano  rock 

y. 

1334 

1187 

1187 

1160 

ON  stretch 

y. 

1035 

910 

912 

909 

N3  in-plane  bend 

v. 

555 

666 

664 

667 

CNN  bend 

VlO 

259 

249 

— 

— 

CH3  asym.  stretch 

Art 

3023 

2962 

2966^ 

2979 

CH3  asym.  deform. 

1452 

1452 

1460 

U63 

CH3  out-of -plane  wag 

1140 

1140 

1131 

1129 

N3  out-of -plane  bend 

'^14 

666 

555 

555 

559 

CH3  torsional 

'^15 

— 

126 

— 

— 

®Data  from  the  work  of  Mantloa  and  Zerbi. 

^ata  from  the  work  of  Miller  and  Basel. 

“observed  in  the  prPacnt  work.  .  j 

“One  component  of  Fermi  doublet  and  2^^,  .  )  J 

®One  component  of  Fermi  triplet v^3»  ft  +  and  2  +  Va  » 

*Data  taken  with  grating  instrument. 
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resonanoe  with  r  This  Fertni  doiiblot  is  obviously  analogous  to 
the  well  known  [Raman-active]  pair  and  2  v<  of  CO29  N3  f  ©tc* 

Its  overtone  consisting  of  and  4V,  which  appears  at  approximately 
2525  cm  ^  in  the  spectrum  of  the  solid*  exhibits  the  same  relative 
intensity  pattern. 

It  should  be  pointed  out  that  the  above  assignments  account 

in  detail  for  the  apparent  doublet  character  of  the  fundamentals 

and  ^^[which  are  analogous  to  and  in  the  spectra  of 

inorganic  azides]  without  recourse  to  the  assumption  of  a  bent  azide 
17 

group  «  The  fact  that  the  spectra  of  many  organic  azides  show 

18 

doublets  in  these  two  regions  would  be  expected  on  the  basis  of  the 

above  assignments  because  all  modes  involved  in  the  Fermi  Interactions 

ore  roughly  confined  to  the  group.  The  "C-— N  stretch", 

a  t  would  be  most  sensitive  to  the  nature  of  the  remainder  of  the 

molecule,  since  the  C— — N  bond  stretching  force  constant  would  be 

expected  to  vary  significantly  with  electron-drawing  power  of  the  rest 

of  the  molecule.  Because  the  magnitude  of  the  Fermi  interaction  is 

strongly  frequency  dependent,  the  relative  intensity  of  the  components 

of  the  doublet  should  be  quite  sensitive  to  the  environment  of  the 
N - N - N 

C  group.  Hence,  in  some  molecules  the  interaction  may  be 

small,  resulting  in  the  observation  of  only  the  single  stron  fundamental. 

The  bunds  occurring  at  1187  cm”^  and  909  cm  ^  are  assigned  by 
Miller  and  Bassia  to'^^^  and  respectively.  The  spectrum  of  solid 

methyl  azide  supports  these  assignments#  In  the  solid,  occurs 

at  1160  cm  and  at  909  cm"^. 

Mantioa  and  Zerbi  have  assigned  the  bands  occurring  at  259, 

666,  555  cm  to  and  respectively.  Miller  and 
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Bassi  state  that  the  CH3N3  Raman  polarizations  are  a  useful  guide 

in  this  region.  They  suggest  that  an  obious  improvement  is  to  change 

the  polarized  656  frequency  in  species  a*  and  a".  Thus.  Miller 

and  Bassi  assign  259i  656  and  555  cm“^  to  and  V, 

li^  10 

respecti'i'ely. 

In  cur  investigation  of  the  solid,  we  could  not  observe  the 

band  at  2il9  cra”^  because  of  the  limitations  of  the  liistrument. 

However,  the  assignments  of  and  y  coxnLd  be  cleared  up  if  one 

14 

know  the  orientation  of  the  methyl  azide  in  the  solid.  In  the 

-1 

region  from  700  cm  to  4OO  cm  ,  we  d id  notice  that  the  relative  1 

-1 

intensities  of  the  rundamentals  absorbing  at  553  on  and  667  cm 
changed  in  going  from  the  gas  to  solid  phase.  After  annealing  sample 


on  the  KBr  window  of  the  low  tenperqture  cell,  the  bands  became 
stronger  and  sharper.  In  the  gas  phase  the  fundamental  at  667  cm 
was  more  intense  than  the  band  at  559  cm  In  the  solid,  however,  the 
intensity  was  reversed,  and  the  fundamental  at  559  cm  ^  was  the  stronger. 
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A  similar  phenomenon  was  noted  by  Itodor  and  Williams  *  They 

o 

observed  a  transition  in  solid  hydrazolc  acid  occurring  at  148  K. 

The  low  temperature  phase  was  clear  colorless  glass  and  the  transition 

produces  a  polycrystalline  material.  Dows  and  Pimentol^^  observed 

differences  in  the  phases  of  solid  The  spectra  of  the  initial 

solid  phase  and  the  second  solid  phase  differed  in  that  the  speotrum 

of  the  latter  was  distinctly  sharper.  The  broadness  of  the  bands 

suggest  a  certain  amount  of  disorder  in  the  first  phase,  and  this 

phase  may  have  a  glassy  structure  (as  Indicated  by  Mador  and  Williams), 

or  it  may  be  an  unstable  disordered  crystalline  arrangement  (due 

to  rapid  freezing)  which  becoi®  s  ordered  on  warming.  It  is  Interesting 

to  notice  that  similar  transitions  have  been  reported  by  rialhorbe 
20  21 

and  Bernstein  and  Nightingale  and  Wagner  .  Our  investigation 
seems  to  support  the  above  observation  that,  after  the  initial 
coating  of  the  window  and  subsequent  warming,  there  is  ordering  or 
orientation  effect.  Tiro  possible  molecular  orientations  in  the  film 
on  the  KBr  aurfaco  of  the  low  temperature  cell  might  be  considered. 
Either  the  molecule  lies  so  that  its  plane  of  symmetry  is  parallel 
to  the  siarface  of  the  KBr  window  or  it  is  Sticking  out  almost 
perpendicular  to  the  i^indow.  If  the  molecule  is  oriented  with  the 
methyl  group  sticking  our  from  the  plane  of  the  window,  then  the 
electric  vector  of  incident  radiation  is  porpendicular  to  dipole 
moment  derivatives  associated  with  the  in-plane  motions  of  the 
molecule.  Th,\iB,  one  would  expect  the  out-of-plane  bending  mode  to 
increase  in  intensity  relative  to  the  in-plano  mode  upon  passing 
from  the  gas  to  the  solid.  However,  if  the  molecule  is  oriented 
so  that  it  is  lying  parallel  to  the  plane  of  the  KBr  window,  then. 


the  electric  vector  is  per  pendlcular  to  the  out-of-plane 
bending  mode.  Thus,  in  the  latter  case  one  would  expect  the  in- 
plane  bending  mode  to  exhibit  increased  relative  intensity  in  the 
solid . 


The  data  from  the  solid  shows  that  the  band  arising  at 

-1 


559  om  increases  in  intensity.  This  spoctriam  thus  seems  to  support 
the  assignment  of  Miller  and  Bassi,  in  that,  the  out-of-plane 
should  be  assigned  to 
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RKSULTS 


The  infrared  spectra  of  solid  and  gaseous  methyl  azide  have  been 
observed  from  4000  cm  ^  to  400  cm  The  assignments  were  discussed 
and  compared  with  those  of  Mantica  and  Zorbi,  and  Miller  and  Bassi. 

A  few  changes  are  recommended* 

On  the  basis  of  the  present  assignments  there  is  no  evidence 
of  hydrogen  bonding  in  the  solid.  A  simple  explanation  is  offerdd 
for  the  doublets  which  have  been  observed  in  the  spectra  of  many 
organic  azides.  It  is  proposed  that  the  doublets  arise  from  Fermi 
resonances  involving  vibrational  combinations  which  are  relatively 
insensitive  to  the  environment  of  the  azide  group. 

Evidence  is  presented  which  indicates  an  orientation  tendency 


in  solid  methyl  azide 
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